NMDARs are also known to potently modulate glial function and proliferation, either directly or indirectly via alterations in neuronal function and signaling. 9 Glial function likely has important roles in recovery from traumatic brain injury, as two types of glia-microglia and astrocytes-are activated after injury 10 and are known to modulate neuronal structure and function. 11 It is still not clear, however, whether various glial subtypes contribute positively or negatively to recovery after injury, as their activity likely has both beneficial and harmful consequences in terms of circuit function. 11 NMDARs are targets of several anesthetic drugs, including ketamine, a noncompetitive NMDAR antagonist, which is frequently employed by medical providers in both intensive care units and operating rooms. Although it has historically been contraindicated in the setting of head injury due to its perceived effects on intracranial pressure, it is increasingly recognized for its neuroprotective potential. 12 Based on positive outcomes from its use on battlefields and after trauma, it is no longer contraindicated in the setting of head injuries. 13 Thus, it is likely that increasing numbers of people will be exposed to ketamine early after head injury. In this study, we investigate the effects of ketamine administration after traumatic brain injury on posttraumatic hippocampal cell proliferation in mice and their subsequent performance in hippocampus-dependent learning tasks.
Materials and Methods

Animals
All mouse housing, handling, and procedures were performed in accordance with National Institutes of Health guidelines and were in compliance with Oregon Health and Science University Institutional Animal Care and Use Committee (Portland, Oregon) approved protocols. We utilized male and female adult (8 to 12 weeks old) C57BL/6J wild-type mice. Mice were euthanized at different time points after traumatic brain injury for histologic analysis, and included 11 male and 12 female mice for the 3-day time point, 28 male and 26 female mice at the 2-week time point, and 29 male and 18 female mice at the 6-week time point. All mice had access to food and water ad libitum and access to 24-h/7-day veterinary consultation if needed. To minimize the number of mice needed for this study, the 6-week histology data were obtained on the same mice that underwent behavioral testing at 4 to 5 weeks.
Controlled Cortical Impact and Osmotic Pump Implantation
Traumatic brain injury was modeled using a controlled cortical impact injury in mice as previously described. 14 Briefly, mice were anesthetized with isoflurane (1.8%) and placed on a stereotaxic frame. After 10% betadine sterilization and 2% lidocaine gel application, a scalp incision was made at midline, followed by a sterile 4-mm craniotomy to the right of the midline sagittal suture, between lambda and bregma, leaving dura intact. A 0.9-mm cortical deformation was applied using an electronic impactor (Leica Microsystems, Germany; speed 4.4 m/s; dwell time 800 ms) to the exposed area with a sterile 3.0-mm diameter stainless steel impact tip. After controlled cortical impact, the scalp was sutured and bioadhesive glue was used to secure the incision site. Sham (noninjured) mice underwent similar anesthesia, frame mounting, and the scalp incision/closure, but no craniotomy. Immediately after sham or controlled cortical impact, mice were implanted with an Alzet osmotic pump (Durect, USA) delivering 1 µl/h of one of the following: vehicle (sterile 0.9% normal saline) or ketamine (± ketamine hydrochloride; Sigma-Aldrich, USA; 25 mg/ml in saline, for a dose of 30 mg · kg -1 · day -1 ) 15 into the subcutaneous space on the back (dorsum) of the mouse. After pump placement, mice were marked using ear punches, and allowed to emerge from anesthesia in a heated, padded chamber, with access to acetaminophen-soaked food for 48 h. Mice typically resumed normal exploratory behaviors within 15 min after emergence. All subsequent experiments were performed by experimenters blinded to group assignment.
All mice survived sham or controlled cortical impact injury, apart from one mouse in the 3-day group that had been assigned to receive controlled cortical impact injury/vehicle, which died within 1 h of controlled cortical impact and was excluded from analysis. In the 2-week and 6-week groups, osmotic pumps remained in place for 7 days, after which they were sterilely removed under anesthesia. In the 3-day group, pumps remained in place throughout the entire study period. Residual pump volumes were measured from all mice to confirm drug delivery, and in all cases, the volumes remaining were ±10% of that expected based on the calculated pump delivery rates.
Bromodeoxyuridine Injections
Bromodeoxyuridine was used to label cells undergoing mitosis after sham or controlled cortical impact injury. For mice undergoing delayed analysis of cell survival and fate specification at 2 and 6 weeks after controlled cortical impact, bromodeoxyuridine (20 mg/ml in saline; Sigma-Aldrich) was injected intraperitoneally at a dose of 300 mg/kg twice a day, 4 h apart, on post-controlled cortical impact days 2 and 3. Mice examined at 3 days after injury received 50 mg/kg bromodeoxyuridine three times a day, 2 h apart, on post-controlled cortical impact day 2 to assess proliferation rates.
Tissue Preparation and Immunohistochemistry
Mice were deeply anesthetized with isoflurane before receiving a lethal anesthetic dose of 2,2,2-tribromoethanol (Sigma-Aldrich) in accordance with Institutional Animal Care and Use Committee approved protocols. They were then transcardially perfused with chilled phosphate-buffered saline, followed by 4% paraformaldehyde (in phosphate-buffered saline) solution, and postfixed overnight. A small, rostral-to-caudal nick was made to the ventral left hemisphere (contralateral to the controlled cortical impact) to denote laterality. Free-floating coronal brain sections were prepared using a vibratome. For immunohistochemistry, four hippocampal sections were selected: two dorsal sections approximately 200 μm apart, and two ventral sections approximately 300 μm apart, and the rostrocaudal regions chosen were kept consistent between animals. In the rare event that damage to the dentate was apparent, samples were excluded and neighboring slices without dentate damage were chosen. Slices were permeabilized in 0.4% Triton X-100 (Sigma Aldrich) in 0.5 M potassium-phosphate-buffered saline with Triton X-100 for 45 min, placed in 2 N HCl potassium-phosphate-buffered saline with Triton X-100 at 37°C for 30 min, followed by a 10-min wash in pH 8.5 potassium-phosphate-buffered saline with Triton X-100, and two 10-min washes in 0.4% Triton X-100 potassium-phosphate-buffered saline (pH 7.4). Samples were blocked in 10% horse serum in 1% phosphate-buffered saline with Triton X-100, and then incubated overnight at 4°C with primary antibodies and 1.5% horse serum in 0.4% potassiumphosphate-buffered saline with Triton X-100. Primary antibodies and concentrations used for this study were: goat anti-doublecortin (1:500; Santa Cruz Biotechnology, USA), mouse anti-neuronal nuclear protein (1:500; EMD Millipore, USA), rat anti-bromodeoxyuridine (1:500; Abcam, USA), mouse anti-glial fibrillary acidic protein (cy3 conjugated; 1:500; Sigma-Aldrich), rabbit anti-ionized calcium-binding adaptor molecule 1 (1:500; Wako Chemicals, USA), rabbit anti-caspase-3 (1:500; Cell Signaling Technology, USA), and mouse anti-cellular Finkel-Biskis-Jinkins murine osteogenic sarcoma protein (cfos) (1:500; EMD Millipore). After primary antibody incubation, samples were washed in 0.4% potassiumphosphate-buffered saline with Triton X-100 for two 10-min washes and then incubated for 4 h at room temperature with secondary antibody. Secondary antibodies used in this study were Alexa-dye conjugated secondary antibodies at 1:500 concentrations (Invitrogen, USA). Samples were then washed in potassium-phosphate-buffered saline with Triton X-100 for two 10-min washes, incubated in 4´,6-diamidino-2-phenylindole (1:20,000; Sigma-Aldrich) for 30 min, and subsequently mounted onto slides.
Confocal Microscopy and Cell Counting
Microscope slides were coded before microscopy so that blinding was maintained throughout imaging and analysis, until final results were tabulated. Four antibody-labeled hippocampal coronal sections from the hemisphere ipsilateral to sham/controlled cortical impact for each mouse were imaged using a Zeiss LSM780 confocal microscope with a 5×/0.16 numerical aperture, 20×/0.8 numerical aperture, or a 63×/1.4 numerical aperture lens (Zeiss, Germany). Contralateral sections were not analyzed, as previous studies demonstrated intermediate levels of proliferation in the contralateral hemisphere with high variability.
14,16 A z-stack of ~1.5-µm-thick intervals was obtained for 20× images and 0.5-to 1.0-µm thick intervals for 63× images traversing the entire depth of the sample. Sections from each cohort were stained identically in parallel, and laser strength and detector gain settings were kept constant across all samples. Cell counting was performed using Imaris Image Analysis software (Bitplane, USA) as follows: three-dimensional images obtained from confocal microscopy were evaluated through the entire depth (z-stack) of the image. 4',6-diamidino-2-phenylindole staining provided clear delineation of the granule cell layer and subgranular zone, and Imaris software provided a calculation of this volume as the region of interest through its "surfaces" function. Bromodeoxyuridine+ cells within this defined region were identified by automated detection of antibody-stained objects with a diameter of 7 ± 2 µm. For all samples, cell counts were obtained from the dorsal blade of the hippocampal dentate gyrus granule cell layer including the subgranular zone, through the entire depth of the three-dimensional confocal images. Colocalization was determined blindly on coded slides and images; doublecortin+/bromodeoxyuridine+, neuronal nuclear protein+/ bromodeoxyuridine+, and ionized calcium-binding adaptor molecule 1+/bromodeoxyuridine+ colocalization was determined by presence of bromodeoxyuridine throughout the nuclear envelope of an antibody-outlined cell; glial fibrillary acidic protein+/bromodeoxyuridine+ colocalization was determined if glial fibrillary acidic protein surrounded the bromodeoxyuridine-labeled nucleus in three planes. For each image, cells that were selected for counting, and which demonstrated colocalization, were identified by the automated protocols (Imaris), and confirmed or rejected manually by an investigator blinded to group assignment before data tabulation. Cell densities were calculated by dividing cell count by granule cell layer volume in cubic micrometers, and the four samples per subject were averaged.
Injury Size
Injury cavities were grossly visible in whole brains before slicing, and demonstrated no obvious asymmetries (cavities were round, based on gross visual inspection). Thus, we quantified injury magnitude using the cross-sectional area of the cavity in a single section through its midpoint using images from full coronal brain slices from both controlled cortical impact groups (vehicle vs. ketamine), at the same rostrocaudal level. The area of the dorsal quadrant ipsilateral to controlled cortical impact was measured using ImageJ (National Institutes of Health, USA), and subtracted from the area of the contralateral quadrant to provide a measurement of the area lost to injury.
Morris Water Maze and Reversal Testing
Four weeks after injury, mice underwent behavioral assessment by a blinded observer. Mice were singly housed each day for 1 h before behavior in a holding room containing a white noise generator. The water maze consisted of a circular pool (122 cm PERIOPERATIVE MEDICINE wide) filled with water (19 to 21°C) and located in the center of a room containing distal visual cues around the pool. A stationed platform was hidden from the mice by submerging it 1 cm below the water and by adding chalk to the water to make the water opaque. The drop location of the mice in the pool was pseudorandomized between four imaginary quadrants. Mice were first trained to locate the hidden platform using two sessions per day for 2 days (2-h intersession intervals). Each session included three trials (10-min intertrial intervals). Mice were given a maximum of 60 s to locate the platform and were guided to the platform if they did not locate it. Once on the platform, mice were allowed to remain on it for 3 s. A probe test, in which the hidden platform was removed in order to assess the preference for the platform location, was conducted 24 h after the last training session (day 3). To avoid potential effects of the probe trial on the memory for the learned location of the first platform, a reinforcement session was conducted immediately after the probe trial in which the hidden platform was again placed in the original location.
The following day, the location of the platform was moved to a different quadrant and mice were trained to locate the hidden platform (reversal water maze), again using two sessions of three trials each with similar intervals as the first hidden platform training. A probe trial was then conducted on day 5. Three days later, all mice received four trials in which the platform was made visible using a clearly marked beacon. The location of the visible platform was moved to a different quadrant each trial. The time spent in the target quadrant, latency (time) to reach the platform, and swim speed were analyzed for potential group differences. Video recording and tracking software (Ethovision; Noldus, The Netherlands) analyzed samples at a rate of five samples per second.
Statistical Methods and Power Analysis
Mice from each litter were randomly allocated to treatment groups in balanced distribution. Data are presented as means and SDs in text and figures. Statistical analysis was conducted using RStudio version 1.0.136 (RStudio, USA) with R version 3.3.2 (R Core Team 2016, available at: https://cran.r-project. org/bin/windows/base/old/3.3.2/; accessed March 28, 2018). All statistical tests were conducted using two-tailed hypothesis testing. Normality of data was assessed using the Shapiro-Wilk and Kolmogorov-Smirnov tests, and parametric tests were used in our analysis when data were normally distributed. Due to the variance observed in our data, unequal variance was assumed in all parametric comparisons. Immunohistochemistry results were analyzed using two-way ANOVA (drug × injury) followed by Tukey honest significant difference post hoc testing; results include weighted average main treatment effect comparisons of drug administration (all vehicle-treated mice vs. all ketamine-treated mice) and injury state (all sham-treated mice vs. all controlled cortical impact-treated mice), and post hoc pairwise comparisons (sham + vehicle, controlled cortical impact + vehicle, sham + ketamine, and controlled cortical impact + ketamine). For injury-size comparison between controlled cortical impact + vehicle and controlled cortical impact + ketamine groups, an independent t test was used. Animal behavioral testing utilized paired t tests, Mann-Whitney U tests, and repeated measures two-way ANOVA (drug × injury), with Newman-Keuls or Dunnett multiple comparison post hoc testing where stated. For all comparisons, P < 0.05 was considered statistically significant. Three mice from the 2-week time point (1 controlled cortical impact + vehicle, 2 controlled cortical impact + ketamine), two mice from the 6-week time point (1 controlled cortical impact + vehicle, 1 controlled cortical impact + ketamine), and one mouse from the 3-day time point (controlled cortical impact + vehicle) were excluded from histologic analysis due to predetermined criteria of extensive injury damage into the dentate itself. Power analysis of preliminary data indicated N = 11 per group would be sufficient to detect significance with a power of 0.80 and α = 0.05, based on pilot data, which demonstrated a 55% reduction in new neuron density, and variability of ±35% in each injury group. Potential sex differences were evaluated and not found to be statistically significant across any experiments, so male and female results were grouped together for analysis. Figures were prepared using Prism Software version 7.0 (GraphPad, USA). ) demonstrated preclinical efficacy in a variety of other assays, 15, 17 and was chosen to avoid sedation/ immobility/anorexia that might be present at higher doses, 15 which could lead to potentially confounding effects. Ketamine did not cause gross differences in behavior or motor activity levels in either controlled cortical impact or sham-treated animals. Because weight loss or gain is another indicator of injury severity and can confound other results, we measured mouse weights at 1 week, 2 weeks, and 6 weeks postintervention. Mice in all groups gained weight throughout the evaluation period, as would be expected for healthy mice during this developmental window. There were no significant differences in weight gain induced by either controlled cortical impact or ketamine administration (mean weight ± SD at 6 weeks post-controlled cortical impact, in grams: sham + vehicle, 1.8 ± 1.2, n = 12; controlled cortical impact + vehicle, 2.0 ± 1.4, n = 10; sham + ketamine, 1.6 ± 0.8, n = 12; controlled cortical impact + ketamine, 2.5 ± 1.5, n = 10; two-way ANOVA: main effect (injury vs. sham): F 1,42 = 1.68, P = 0.203; main effect (ketamine vs. vehicle): F 1,42 = 0.10, P = 0.756).
Results
Ketamine Increases Hippocampal Cell Proliferation after Controlled Cortical Impact
Hippocampal cell proliferation was assessed using bromodeoxyuridine-mediated labeling of mitotic cells, as bromodeoxyuridine is incorporated into the DNA of dividing cells and can be detected long after cell maturation. Bromodeoxyuridine was administered to mice 2 to 3 days after Peters et al.
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sham or controlled cortical impact injury, to coincide with the peak window of postinjury cell proliferation. 18 Mice were euthanized at various time points after controlled cortical impact or sham injury for histologic analysis of the hippocampal dentate gyrus using antibromodeoxyuridine immunohistochemistry.
First, to evaluate cellular proliferation early after controlled cortical impact, a nonsaturating dose of ) and error bars represent the SD; numbers inside bars represent the n for each group. For the 3-day time point, individual values are displayed as well as the mean/SD. *P < 0.05; **P < 0.01; ***P < 0.001. NeuN = neuronal nuclear protein.
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bromodeoxyuridine (50 mg/kg × 3 injections, 2 h apart) was administered to mice 2 days after injury, and they were euthanized 1 day later for analysis. Consistent with previous observations, 14, 18, 19 controlled cortical impact treatment increased hippocampal cell proliferation when compared with sham-treated animals; however, the subhippocampal distribution of these cells differed between drug treatment groups. In the dentate molecular layer, controlled cortical impact significantly increased proliferation in both injury groups compared to their respective shams ( fig. 1C; sham + vehicle, Tukey honest significant difference post hoc test, P = 0.438). As the original goal of this study was to examine postinjury neurogenesis, from this point forwards we focus entirely on cell densities within the dentate granule cell layer, as this area contains the radial glial stem cells with the capacity to differentiate into neurons.
Two weeks after controlled cortical impact or sham surgery, a separate cohort of bromodeoxyuridine-labeled mice was examined to determine the effects of ketamine on continued proliferation and early survival of the cells born after injury. A saturating dose of bromodeoxyuridine 20 was administered on the second and third postinjury day to label proliferating cells and their progeny ( fig. 1A ). At this time point, bromodeoxyuridine+ cell labeling was significantly increased in the granule cell layer in vehicle-treated, controlled cortical impact-exposed mice when compared with their vehicle-treated sham littermates (two-way ANOVA, main effect [controlled cortical impact vs. sham]: F 1,48 = 17.35, P < 0.001; controlled cortical impact + vehicle vs. sham + vehicle, Tukey honest significant difference post hoc test, P = 0.001). In contrast, however, although ketamine-treated mice demonstrated increased bromodeoxyuridine+ labeling in injured mice, this was not statistically significant (two-way ANOVA, main effect [ketamine vs. vehicle]: F 1,48 = 3.88, P = 0.055). Although the differences between vehicle-treated mice at 3 days postcontrolled cortical impact and 2 weeks post-controlled cortical impact could have resulted from differences in the exact timeframe of bromodeoxyuridine administration between the two time points examined (second postinjury day vs. second/third postinjury days), the increase in cell labeling in the injured mice could also have resulted from ongoing proliferation of bromodeoxyuridine-labeled cells (whose daughters would also be labeled) or differences in cell survival between groups.
Thus, to examine longer-term survival of cells proliferating early after controlled cortical impact, mice were allowed to recover for 6 weeks before histologic analysis. At 6 weeks after controlled cortical impact, across both groups, con- Overall, the patterns of post-traumatic brain injury cell proliferation and longer-term cell survival indicate that ketamine has both an acute effect on cell proliferation during its administration, as well as longer-term effects on cell survival that outlast the window of ketamine exposure ( fig. 1E ). These effects could result from early induction of long-term changes in gene expression that drive longer-term cell survival, or alternatively, by changes in cell fate specification, as different cell types would be expected to have differential proliferation and survival trajectories. Thus, we examined the phenotypes of bromodeoxyuridine-labeled cells after controlled cortical impact using cell-type specific immunohistochemistry.
Ketamine Inhibits Early Posttraumatic Neurogenesis
We analyzed the early phase of posttraumatic neurogenesis 2 weeks after traumatic brain injury using tissue from sham-and controlled cortical impact-treated mice that had received either ketamine or vehicle during the first postinjury week. Cells that had assumed a neuronal fate were identified by staining for the immature neuronal marker doublecortin, and bromodeoxyuridine colabeling was determined using confocal microscopy. As doublecortin is expressed in neurons approximately 3 to 21 days after mitosis, 21 doublecortin+/bromodeoxyuridine+ colabeling can help define the fate of proliferating cells early after the injury, during the peak window for posttraumatic neurogenesis. 22 Additionally, the overall density of doublecortin+ cells can serve to Ketamine Alters Cell Proliferation after TBI identify and quantify all of the recently born neurons generated over a wider (~2.5 weeks) timeframe.
We first examined whether ketamine administration altered the density of doublecortin staining in injured brains. Ketamine administration significantly decreased neurogenesis in controlled cortical impact-treated mice at this 2-week time point, manifest as a decreased density of doublecortin+ cells in ketamine-treated mice after controlled cortical impact when compared with vehicle-treated, controlled cortical impact-exposed mice ( fig. 2, A To more precisely determine the fate of cells born early after traumatic brain injury, we examined bromodeoxyuridine+/doublecortin+ colabeled cells in the dentate gyrus 2 weeks after controlled cortical impact. Surprisingly, despite the fact that ketamine treatment alone did not affect overall levels of hippocampal cell proliferation ( fig. 1) , ketamine treatment decreased the number of neurons born 2 to 3 days after controlled cortical impact across both sham and controlled cortical impact conditions ( fig. 2, A 
Controlled Cortical Impact Suppresses Hippocampal Neurogenesis Late after Injury Independently of Ketamine
Altered cell proliferation in mice after controlled cortical impact might have long-term effects on the ability of the hippocampus to sustain constitutive levels of adult neurogenesis, as has previously been observed in studies of postseizure neurogenesis. 23 Thus, we examined the density of immature neurons 6 weeks after injury by staining for the immature neuronal marker doublecortin, to focus on cells born several weeks after controlled cortical impact.
Six weeks after injury, the density of immature neurons was significantly reduced when comparing all animals that received controlled cortical impact to those that received sham injury ( fig. 3, A 
Ketamine Does Not Affect the Long-term Survival of Adult-born Neurons after Injury
At 3 to 4 weeks after mitosis, granule cells begin expressing neuronal nuclear protein, a marker of mature neurons. During constitutive adult neurogenesis, most immature adult-born neurons do not survive to maturity 24 ; similarly, during postischemic neurogenesis in the subventricular zone, many immature neurons born after stroke also do not survive to maturity. 25 As NMDAR activation is required for the long-term survival of constitutively generated adultborn neurons, 7 we hypothesized that survival of neurons born after traumatic brain injury would be modulated by ketamine.
To evaluate ketamine's impact on the long-term survival of newly born neurons, slices were evaluated 6 weeks after injury via antibody staining with the mature neuronal marker neuronal nuclear protein. Although neurogenesis (neuronal nuclear protein+/bromodeoxyuridine+ colabeled cell density) increased in the controlled cortical impact-treated groups versus the sham-treated groups, this did not reach statistical significance (cells/mm 3 , mean ± SD: sham + vehicle = 3,400 ± 3,100; controlled cortical impact + vehicle = 4,900 ± 5,100; sham + ketamine = 3,400 ± 1,600; controlled cortical impact + ketamine = 5,000 ± 3,500; two-way ANOVA, main effect [controlled cortical impact vs. sham]: F 1,40 = 2.44, P = 0.126). Importantly, there was no difference in the density of neurons born after controlled cortical impact that survived until maturity when ketamine was administered for the week after controlled cortical impact (main effect [ketamine vs. vehicle]: F 1,40 = 0.00, P = 0.959; Tukey honest significant difference post hoc test: controlled cortical impact + ketamine vs. controlled cortical impact + sham, P = 0.999), indicating that ketamine treatment did not negatively affect the ultimate survival of neurons born early after injury.
Ketamine Inhibits Astrogliogenesis after Controlled Cortical Impact
Because radial glia-like cells can differentiate into other cell types and only a minority of the bromodeoxyuridine+ cells observed colabeled with neuronal markers, we stained tissues at various time points for glial markers to determine whether ketamine exposure altered cell fate and differentially affected the proliferation of glia. Astrocytes were identified via antibody staining against the astrocyte-selective cytoskeletal protein glial fibrillary acidic protein, which also serves as a marker for astrocyte activation. Thus, increased glial fibrillary acidic protein staining could either result from increased astroglial reactivity, an increase in the number of astrocytes (or radial glia-like cells, which are also glial fibrillary acidic protein+), or both. Astrogliogenesis was quantified by costaining tissue with glial fibrillary acidic protein and bromodeoxyuridine antibodies, to identify both overall glial fibrillary acidic protein staining, as well as to specifically identify astrocytes born after controlled cortical impact or sham injury. To assess continued proliferation and survival of the astrocytes born after injury, we evaluated glial fibrillary acidic protein staining at 2 and 6 weeks postintervention. Bromodeoxyuridine was administered 2 and 3 days after sham or controlled cortical impact treatment, to identify astrocytes generated during the early postinjury period. Despite no difference in astrocyte generation at 3 days after injury, at the 2-week time point, we noted a dramatic increase in astrogliogenesis (glial fibrillary acidic protein+/bromodeoxyuridine+ colabeled cell density) after controlled cortical impact in vehicle-treated mice ( fig. 4, A 
Ketamine Treatment Facilitates Rapid Microgliogenesis after Controlled Cortical Impact
Microglia are the resident macrophages of the central nervous system and have a separate lineage than hippocampal radial glial-like stem cells and their progeny. In healthy tissue, microglia play important roles in sculpting neuronal circuits via synapse pruning and immune surveillance. 26 After traumatic brain injury, microglia become activated and mount a dramatic response, including the release of pro-and antiinflammatory cytokines and increased phagocytosis. 27 Moreover, activated microglia have complex effects on neurogenesis. 28 We evaluated microglial proliferation in the granule cell layer after injury, using antibodies against the macrophage/microglia-specific marker ionized calciumbinding adaptor molecule 1 and the marker for activated microglia, Galectin-3.
Three days after the controlled cortical impact, ketamine treatment dramatically increased the density of newly gener- Galectin-3 staining of these samples demonstrated no significant differences between any groups, indicating the microglia present in the granule cell layer were not more activated with exposure to controlled cortical impact or ketamine at this time point (Galectin-3+ cells/mm 3 , mean ± SD: sham + vehicle, 55,700 ± 11,100; controlled cortical impact + vehicle, 61,400 ± 7,500; sham + ketamine, 42,500 ± 11,200; controlled cortical impact + ketamine, 44,800 ± 14,200; two-way ANOVA, main effect (controlled 
Ketamine Does Not Affect Other Indicators of Injury Severity
If ketamine has neuroprotective properties, ketamineinduced modification of injury severity could indirectly alter the nature of post-traumatic brain injury cell proliferation between groups. For example, if ketamine treatment modified the timing or degree of cell death, it could alter the proliferative response in a quantitative or qualitative manner. Moreover, as ketamine could also alter neuronal activity after traumatic brain injury, including potential modulation of subclinical seizure frequency/occurrence, 29 this could also alter neurogenesis and gliogenesis via activity-dependent mechanisms. We, therefore, attempted to identify possible indirect consequences of ketamine treatment that could lead to secondary changes in cell proliferation.
To grossly assess the impact of ketamine on neuronal injury, we first measured the degree of cortical cavitation using low-power images of coronal brain sections. We compared the amount of tissue lost after injury at both 2 and 6 weeks post-controlled cortical impact. The cross-sectional area of cortical cavity size was not affected by postinjury ketamine treatment at either time point (fig. 6, A and B ; independent t tests: controlled cortical impact + vehicle vs. controlled cortical impact + ketamine, 2 weeks: P = 0.105; 6 weeks: P = 0.517). Although all cavities appeared round on gross inspection before sectioning, it remained possible that our coronal cross-sectional analysis may have missed subtle differences in three-dimensional cavity shape or profile. Thus, we performed additional analyses of injury severity.
The amount of cortical loss would likely not be sensitive to differences in hippocampal cell apoptosis early after controlled cortical impact, which might be more directly related to cell proliferation in the hippocampus. To evaluate hippocampal cell death, we performed immunohistochemical staining for activated caspase-3, a marker for the induction of apoptosis, at the same time point at which mitosis was measured (3 days postinjury or -sham), and quantified caspase-3 labeling in the dentate gyrus of the ipsilateral hippocampus. There were no significant differences in caspase-3 expression between any of the groups at 3 days postintervention (caspase-3+ cells/mm . This lack of caspase activation suggests a lack of ongoing apoptosis at this time point, but might also have resulted from a rapid clearance of any apoptotic cells such that ongoing caspase-3 expression was not detected.
Subclinical seizures or changes in neuronal activity can influence postinjury histopathology and recovery. 30 To evaluate this, we performed antibody staining for cfos, a metabolic marker upregulated by neurons after recent activity. Though paradoxical, it has previously been shown that traumatic brain injury attenuates neuronal activity for up to a month after injury. 31 Consistent with this previous finding, we observed a significant decrease in neuronal activity in all controlled cortical impact-treated mice versus all sham-treated mice 3 days after injury, with no difference in cfos activity as a result of ketamine administration ( fig. 6, C 
Ketamine Ameliorates the Controlled Cortical Impactinduced Impairment in Water Maze Reversal Learning
To determine how ketamine administration after traumatic brain injury might affect cognitive recovery, mice underwent behavioral testing 4 weeks after injury using a modified Morris water maze task. Although the standard reference memory water maze paradigm is sensitive to changes in spatial learning, there is considerable discrepancy in its ability to capture performance differences when hippocampal neurogenesis is altered. 32 Because the function of new neurons is believed to involve context separation, we focused our water maze test on a Morris water maze reversal paradigm, which requires distinction between very similar contexts (i.e., new vs. old target location). 33 Details of the water maze test are described in the methods section, but in general, once all groups of mice were sufficiently trained such that they PERIOPERATIVE MEDICINE showed equal levels of preference for the first target location (platform), we changed the target location and assessed whether mice could distinguish between the two learned target locations. Performance in this Morris water maze reversal task requires intact and properly functioning hippocampal neurogenesis, which is thought to allow mice to distinguish between different contextual location cues between the two different platform locations that are learned in the task. 33 In the first phase of the water maze test, mice attempted to locate and then recall the location of a submerged platform. Across the average of the training sessions, controlled cortical impact-treated mice required more time to locate the hidden platform (mean time in seconds ± SD: sham = 28.7 ± 6.2, n = 24; controlled cortical impact = 36. 
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After all mice had learned the first platform location, mice were subjected to a reversal Morris water maze test, in which the platform location was changed to another quadrant of the pool, a task more specific for the assessment of neurogenesisdependent hippocampal function. 33 An effect of controlled cortical impact was again observed across the average of the hidden platform sessions, as controlled cortical impact-treated mice took longer to locate the hidden platform (mean time in seconds ± SD: sham = 29.9 ± 10.0, n = 24; controlled cortical impact = 37. Although across the average of the sessions controlled cortical impact-treated mice took longer to locate the hidden platform, there were no significant group differences in their acquisition of the new target location during the last session before the second probe trial (two-way ANOVA, main effect [controlled cortical impact vs. sham]: F 1,43 = 2.92; P = 0.095).
During the reversal task probe trial the following day, all sham-treated mice (both vehicle-and ketamine-exposed) demonstrated a clear bias toward the new location of the Fig. 7 . Ketamine ameliorates the controlled cortical impact (CCI)-induced impairment in water maze reversal learning. (A) Learning curves for the Morris water maze (MWM) illustrate the time required for mice in each group to locate a submerged platform (latency) during each subsequent session. CCI-treated mice were initially slower to learn the platform location (session 2), but by session 4 there were no group differences between sham-and CCI-treated mice in locating the platform. P1 represents the probe trial during which the platform is removed and mice are evaluated for their ability to recall the platform in the target location; this occurs on Day 3 (D3). Markers represent means and error bars represent SD. (B) All groups successfully demonstrated preference for the target location during the first probe trial after training (P1). (C) In the reversal task of the MWM, the platform was moved to a different quadrant, requiring subjects to learn the new location and engage in pattern separation. In this trial, the CCI + vehicle group failed to successfully adapt to the new location, whereas the CCI + ketamine group was able to achieve the task. (D) Characteristic path tracings from each group during the reversal probe trials, in which the appropriate target quadrant (black) is in the upper right. Bars represent means and error bars represent SD. *P < 0.05.
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platform (target quadrant vs. any other nontarget quadrant: Dunnett multiple comparison post hoc test, P < 0.050 for each quadrant vs. the target quadrant). This correct preference was deficient in controlled cortical impact-injured mice treated with vehicle (target quadrant vs. other quadrants: Dunnett multiple comparison post hoc test, P = 0.637), indicating this group had a deficit in water maze reversal memory ( figure 7, C and D) . Surprisingly, ketamine treatment after controlled cortical impact rescued the ability of injured mice to retain the new platform location during the probe trial, as these mice demonstrated preservation of spatial memory retention during reversal water maze testing ( fig. 7 , C and D; Dunnett multiple comparison post hoc test, P < 0.050 for each quadrant vs. the target quadrant). These differences were not attributable to altered motor coordination, vision, or motivation to perform the task, as there was no effect of controlled cortical impact, drug treatment, or interaction on swim speed or latency of mice to reach the "visible" platform when it was later clearly marked with a beacon and there were no group differences across the average of these visible platform trials (two-way ANOVA, main effect [controlled cortical impact vs. sham]: Although vehicle-treated controlled cortical impact mice did not spend statistically more time in the target quadrant during the reversal probe trial, we found that the general pattern between groups appeared grossly similar (all spent the most time in the target quadrant) and thus we performed additional analyses of our data. First, we performed a different version of the quadrant preference analysis, in which all nontarget quadrants are averaged together in an attempt to minimize the effect of a single spurious quadrant, and then compared this average with the time spent in the target quadrant. This analysis again demonstrated significant target preference in the two sham groups and the controlled cortical impact + ketamine group (sham + vehicle, P = 0.0174, n = 12; sham + ketamine, P < 0.001, n = 12; controlled cortical impact + ketamine, P = 0.008, n = 12; paired t tests) but not the vehicle-treated controlled cortical impact group (P = 0.088, n = 11, paired t test). Additionally, we reanalyzed the trajectory data during the probe trial to determine the amount of time spent above the target platform location during the reversal probe trial, and also found that these data had the same pattern. Compared to sham + vehicle mice, controlled cortical impact + vehicle treated mice had significantly fewer crossings (sham + vehicle = 4.0 ± 2.9; controlled cortical impact + vehicle = 2.0 ± 1.3, P = 0.046, MannWhitney test), whereas the number of crossings between sham + ketamine and controlled cortical impact + ketamine treated mice were not different from each other (sham + ketamine = 2.9 ± 2.1; controlled cortical impact + ketamine = 2.5 ± 1.6, P = 0.610, Mann-Whitney test). As all groups of mice successfully learned the location of the new target location during training (see fig. 7A ), but only the controlled cortical impact + vehicle mice were selectively deficient in recalling during the probe trial 24 h later, our data suggest that their deficit was more likely related to recall rather than the ability to acquire the new location per se.
Discussion
Traumatic brain injury induces robust cellular proliferation in the hippocampus, which includes the generation of immature neurons and astrocytes from radial glial-like cells. 18, 19 In this study, when ketamine was administered after controlled cortical impact, hippocampal cell proliferation in the dentate granule cell layer was markedly accelerated, as was evident by an increase in bromodeoxyuridine labeling of mitotic cells at the 3-day time point, which was mostly a product of early increases in microgliogenesis-a surprising finding given ketamine's antiinflammatory properties. 34 Interestingly, these changes in proliferation were accompanied by improvement in behavioral outcomes, suggesting there may be a benefit to ketamine administration in the setting of head injury.
Mechanisms Driving Posttraumatic Neurogenesis
Neurologic insults such strokes, seizures, and traumatic brain injuries are associated with increased hippocampal cell proliferation, including neurogenesis. 4 These pathologies often involve pathologic neuronal excitation, leading to the release of glutamate and other neurotransmitters, which can increase metabolic demands and cause excitotoxic neuronal death. Injury-associated glutamate release can also activate NMDARs on neuronal stem cells and immature neurons. As NMDA-type inotropic glutamate receptor activation modulates both the proliferation 5, 6 and the survival of adultborn neurons, 7 these receptors could mediate injury-induced changes in adult neurogenesis. Additionally, glutamatergic signaling via NMDARs can also influence glial cell signaling both directly and indirectly, 9 which could mediate additional quantitative and qualitative changes in both gliogenesis and neurogenesis. 11 Our data demonstrating that ketamine alters cell proliferation after traumatic brain injury are consistent with a role for NMDARs in the control of cell proliferation after injury. Several unexpected findings, however, suggest potentially novel mechanisms at play in mediating these responses. Ketamine administration notably reduced neurogenesis in both injured and noninjured mice 2 weeks postinjury. Ketamine has proven antidepressant efficacy in human subjects, 35 yet classic antidepressants have been shown to increase neurogenesis 36 ; this finding suggests a potentially different mechanism of action for ketamine's antidepressant action. Previous studies of short-term ketamine administration did not demonstrate changes in adult neural cell proliferation in healthy rodents. 37, 38 One study did report that intermittent ketamine administration could increase neurogenesis in some portions of the hippocampus, but not others, 39 and a separate study demonstrated that repeated ketamine administration could decrease survival PERIOPERATIVE MEDICINE function after injury. Intense astrocyte activation and scar formation has been associated with behavioral deficits, raising the possibility that muting this reactivity (as was noted 2 weeks after controlled cortical impact in the ketamine-treated group) was beneficial. Similarly, the accelerated proliferation and sustained survival of microglia generated after traumatic brain injury might also altered the functional properties of hippocampal neurons, as it has recently become clear that microglia play important roles in sculpting neuronal circuit function. 26 As the behavioral improvements and histologic findings in our study are purely associative, and not causal, further evaluation of either of these possibilities through the specific targeting of glial function using genetic or pharmacologic means would hopefully shed light on these potential mechanisms.
Alternatively, hippocampal neurons born after various forms of neuronal injury have altered structural and functional properties, 14 and ketamine could serve to improve the functional capacity of neurons born after traumatic brain injury. Ketamine rapidly induces synaptogenesis, 36 although it is not clear how long these changes would persist or translate to cells which had not yet received excitatory inputs during the period of ketamine administration. Although we attempted to morphologically characterize immature doublecortin+ neurons in this study, neither dendritic morphology nor dendritic spine density (a surrogate for excitatory synaptic innervation) could be accurately discerned using this method (data not shown), thus the potential effect of ketamine on structural maturation was not assessed. Further studies using genetic or retrovirus-based cell labeling techniques, in conjunction with electrophysiologic analyses, could help define the morphologic and functional properties of neurons born after controlled cortical impact in the presence of ketamine to identify potential differences. Additionally, a broader array of behavioral assessments will allow us to more precisely delineate the scope of ketamine's effects on outcomes after traumatic brain injury, as changes in hippocampal cell proliferation after injury could also have deleterious consequences that were not detected in our current study.
Conclusions
Ketamine administration after traumatic brain injury alters hippocampal cell proliferation. These changes are associated with an improvement in learning weeks after ketamine cessation, as determined by the Morris water maze reversal task. Additional studies focusing on the cellular mechanisms underlying these responses to ketamine after traumatic brain injury are needed, so that we may help refine strategies to improve neurologic outcomes after brain injury, and determine whether ketamine might also improve outcomes in humans after traumatic brain injury.
